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Meeting GoalsMeeting Goals
 Discuss issues related to the origin of waterDiscuss issues related to the origin of water

on Earthon Earth
 Identify key unanswered questionsIdentify key unanswered questions
 What are the key chemical/dynamical clues?What are the key chemical/dynamical clues?
 Identify areas where interdisciplinaryIdentify areas where interdisciplinary

research will help the field.research will help the field.

Organizing CommitteeOrganizing Committee
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Molokai AgendaMolokai Agenda
Feb 28, 2008Feb 28, 2008

NiceNice

IfAIfA

IfAIfA

GSFCGSFC

AZAZ

UCLAUCLA

UHUH

IfAIfA

UMichUMich

Terrestrial Planet Formation and the Late HeavyTerrestrial Planet Formation and the Late Heavy
BombardmentBombardment

MorbidelliMorbidelli

Main Belt CometsMain Belt CometsJewittJewitt

Activity in Small Bodies, Evidence for IcesActivity in Small Bodies, Evidence for IcesMeechMeech

Comet Composition, Dynamical Mixing in NebulaComet Composition, Dynamical Mixing in NebulaMummaMumma

Nebular Origin of Water by Gas AdsorptionNebular Origin of Water by Gas AdsorptionDrakeDrake

Oxygen Isotope Signatures in the Nebula andOxygen Isotope Signatures in the Nebula and
Implications for WaterImplications for Water

YoungYoung

Aqueous Alteration of Aqueous Alteration of AsteroidalAsteroidal Meteorites MeteoritesKeil/KrotKeil/Krot

DeuterationDeuteration in the Solar Nebula  in the Solar Nebula –– Chemical Ice Chemical Ice
ModelsModels

KeaneKeane

Disk Physical Structure and Water chemistryDisk Physical Structure and Water chemistryBerginBergin



Molokai AgendaMolokai Agenda
Feb 29, 2008Feb 29, 2008
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CaltechCaltech
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Origin and Evolution of Terrestrial VolatilesOrigin and Evolution of Terrestrial VolatilesDauphasDauphas

Contributions from CometsContributions from CometsOwenOwen

Nebular Origin of Water on EarthNebular Origin of Water on EarthGendaGenda

EarthEarth’’s s RegassingRegassing History:  Constraints from History:  Constraints from
Global Thermal and Chemical BudgetsGlobal Thermal and Chemical Budgets

KorenagaKorenaga

Water Crust Interactions on Hadean EarthWater Crust Interactions on Hadean EarthMojzsisMojzsis

Time Constraints on Early EarthTime Constraints on Early Earth’’s Events:s Events:
Degassing and Volatile EscapeDegassing and Volatile Escape

YokochiYokochi

Hydration State of the MantleHydration State of the MantleSmythSmyth

Early Earth DegassingEarly Earth DegassingStevensonStevenson

Evolution of the Mantle and Evolution of the Mantle and AtmAtm on Earth  on Earth wrtwrt
WaterWater

MartyMarty



What Do weWhat Do we
Want to Know?Want to Know?

 How much water is in Earth, and was on EarthHow much water is in Earth, and was on Earth
at start?at start?

 When and how did the water come?When and how did the water come?
 What are the chemical and dynamicalWhat are the chemical and dynamical

fingerprints of this process?fingerprints of this process?



Where & When?Where & When?

 Capture from the nebula?Capture from the nebula?
 Delivered by planetary building blocks? Which?Delivered by planetary building blocks? Which?
 Chemical reactions on early Earth?Chemical reactions on early Earth?

00 10 Million yr10 Million yr 100 Million yr100 Million yr 1 Billion yr1 Billion yr

4.567 4.567 GyGy  ––  CaICaI
ChondrulesChondrules t too+1-2 +1-2 MyrMyr
Disk:  3-5 Disk:  3-5 MyrMyr (dynamics,  (dynamics, chondruleschondrules))

By 4.38 By 4.38 GyrGyr: granites, plate: granites, plate
Boundary processes, rock cycleBoundary processes, rock cycle
Water veneer  Water veneer  

Moon forming event 30 Moon forming event 30 MyrMyr (100Myr) (100Myr)
Earth Earth ““formationformation”” 30-100  30-100 MyrMyr
Core Core ““formationformation”” (~100  (~100 MyrMyr))



Hadean EarthHadean Earth
 Heat from impactsHeat from impacts

 Melts surface of Earth Melts surface of Earth ––
““magma oceanmagma ocean””

 Earth captures a HEarth captures a H2 2 AtmAtm
gases react gases react  form water form water

Magma ocean Magma ocean   FeOFeOMagma ocean oxides: Magma ocean oxides: FeOFeO

AtmAtm H H22 + O  + O  H H22OO

OO



Insights from Insights from ProtoplanetaryProtoplanetary Disk Disk
•• Water was present at all stages of disk but in variousWater was present at all stages of disk but in various

states (ice, gas, liquid)states (ice, gas, liquid)
•• D/H fractionation in disk (heavy chemical processing)D/H fractionation in disk (heavy chemical processing)

 Likely that it will be high, with strong radial gradientsLikely that it will be high, with strong radial gradients
 Expect comets / icy bodies forming at different distances toExpect comets / icy bodies forming at different distances to

be quite different in D/Hbe quite different in D/H
 No observations yet of D/H gradients in disks - technologyNo observations yet of D/H gradients in disks - technology

limit - will come within next 5 yearslimit - will come within next 5 years
 Debate over the location of the Debate over the location of the ““snow linesnow line””

 Disk models can have it as close as 1AU Disk models can have it as close as 1AU   Moves over timeMoves over time
 Dynamics and growth of Jupiter Dynamics and growth of Jupiter  near 5 AU in our SS near 5 AU in our SS

 Extra source of heat in our SS (formed in a cluster)Extra source of heat in our SS (formed in a cluster)



Key Insights fromKey Insights from
CosmochemistryCosmochemistry

 15 groups of 15 groups of chondriteschondrites - each from a single - each from a single
asteroid (we have insufficient samples)asteroid (we have insufficient samples)

 Aqueous alteration was everywhere as seen inAqueous alteration was everywhere as seen in
meteorite collection meteorite collection –– some more than others some more than others
 This indicates snow line farther out This indicates snow line farther out –– cannot cannot

bring water in laterbring water in later
 This level of aqueous alteration canThis level of aqueous alteration can’’t be fromt be from

gas adsorption alonegas adsorption alone
 Photochemistry probably produced largePhotochemistry probably produced large

1818O/O/1616O and O and 1717O/O/1616O gradients in the diskO gradients in the disk
 ΔΔ1717O was a tracer for water-rock interactions inO was a tracer for water-rock interactions in

the inner solar systemthe inner solar system
 Key question Key question –– how water-rich were the how water-rich were the

planetesimalsplanetesimals and where in MB  and where in MB –– look for look for
evidence of hydration on surfaceevidence of hydration on surface

Mars Express, Mars Express, PouletPoulet  
(2005), Nature(2005), Nature



Planet FormationPlanet Formation
 & Dynamics & Dynamics

 Eccentricity of Jupiter's orbit is importantEccentricity of Jupiter's orbit is important
to the argument of where the wet to the argument of where the wet planetesimalsplanetesimals came came
from that built earthfrom that built earth
 if circular, then 10-15% came from 3.5-4.0 AU - the late veneerif circular, then 10-15% came from 3.5-4.0 AU - the late veneer

 Terrestrial feeding zone moves out with timeTerrestrial feeding zone moves out with time
 started with material near Earth (we don't have this any more)started with material near Earth (we don't have this any more)
 water came later in gamewater came later in game

 The only comets likely to deliver water to Earth cameThe only comets likely to deliver water to Earth came
from farther out the KBO regionfrom farther out the KBO region

 LHB event can trap KBO material in the main belt (DLHB event can trap KBO material in the main belt (D
type? MBC?)type? MBC?)



D/H in Small BodiesD/H in Small Bodies

 Isotopic tracers:  D/HIsotopic tracers:  D/H
 Earth               ~ 16 x 10Earth               ~ 16 x 10-5-5

 Solar System  ~ 2.5 x 10Solar System  ~ 2.5 x 10-5-5

 CometsComets   ~ 30  x 10  ~ 30  x 10-5-5

 Problem with cometsProblem with comets
 D/H high D/H high –– not sole source not sole source
 Dynamically easier to bringDynamically easier to bring

from Asteroid beltfrom Asteroid belt
 Have measurements fromHave measurements from

only 3only 3
 Have several classes ofHave several classes of

comets comets –– only sampled 1 only sampled 1
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Marty & Marty & YokochiYokochi, 2006. Rev. Mineral., 2006. Rev. Mineral.



Problems with Meteoritic CarriersProblems with Meteoritic Carriers

 D/H matches EarthD/H matches Earth
 Noble gases do notNoble gases do not
 CarbonaceousCarbonaceous

chondriteschondrites have  have XeXe
20x more abundant20x more abundant
wrtwrt Kr than on Earth Kr than on Earth

 Amount of trappedAmount of trapped
noble gases shouldnoble gases should
increase withincrease with
distance from sundistance from sun

Owen & Bar Nun, 1995Owen & Bar Nun, 1995



Os Isotope Dilemma?Os Isotope Dilemma?

[Drake and Righter, Nature, 2002]

 ChondriteChondrite classes have classes have
different Os isotopedifferent Os isotope
signaturessignatures

 CCs are wet (~10wt%CCs are wet (~10wt%
water), others dry (<1%)water), others dry (<1%)

 OCsOCs used to match Earth used to match Earth
 but this has been but this has been
revised.revised.

New PUM  (New PUM  (KorenagaKorenaga))



Earth SignaturesEarth Signatures

 Minerals fractionate D/H - if earth started atMinerals fractionate D/H - if earth started at
protosolarprotosolar value, there should be a  value, there should be a reserviorreservior of light of light
H in the interiorH in the interior

 D/H inside earth probably not coupled to surfaceD/H inside earth probably not coupled to surface
water.water.

 Early Early atmatm - mass fractionation of  - mass fractionation of XeXe
 D/H in organics in sedimentary rock - constant forD/H in organics in sedimentary rock - constant for

past 3.5Gypast 3.5Gy
 10 10 MyrMyr after moon form event - ocean-ocean after moon form event - ocean-ocean

subductionsubduction set in (min value) set in (min value)
 Clear evidence of solar nebula Clear evidence of solar nebula NeNe in Earth interior - in Earth interior -

ingassingingassing from SN via magma ocean from SN via magma ocean



How Much water?How Much water?

28.128.12.82.80.030.03CoreCore

11.211.2

4.24.2

0.490.49

0.100.10

1.321.32

High OceanHigh Ocean

59.759.71.51.5TOTALSTOTALS

15.115.10.040.04MantleMantle

3.33.30.040.04LithosphereLithosphere

0.10.10.020.02CrustCrust

1.321.321.321.32Ocean/Ocean/AtmAtm

CapacityCapacityLow OceanLow OceanRegionRegion



What do we Know? We NeedWhat do we Know? We Need
more Constraintsmore Constraints

 Know of ~3 reservoirs of N and of D/H in SSKnow of ~3 reservoirs of N and of D/H in SS
 Comets chemically are being divided into classesComets chemically are being divided into classes
 Getting a better understanding of disk modelsGetting a better understanding of disk models
 Better understanding of how to make a SS dynamicallyBetter understanding of how to make a SS dynamically
 Unmistakable signature of He and Unmistakable signature of He and NeNe from solar nebula from solar nebula

in Earth interiorin Earth interior
 H is a trace element in the bulk silicate EarthH is a trace element in the bulk silicate Earth
 Earth suffered massive volatile loss at multiple episodesEarth suffered massive volatile loss at multiple episodes

It is likely Earth acquired water by more than one meansIt is likely Earth acquired water by more than one means
–– it is an issue of relative quantities it is an issue of relative quantities



Workshop Key Workshop Key MeasurmentsMeasurments
““So, we spent 2.5 days deciding we donSo, we spent 2.5 days deciding we don’’t knowt know

anythinganything……....”” [Mike Drake] [Mike Drake]
 D/H gradients in disks - verify D/H gradients in disks - verify chemchem models (ALMA comes models (ALMA comes

on line)on line)
 Most staggering lack of data: comets (based on lab Most staggering lack of data: comets (based on lab exptsexpts))

 D/HD/H and measurements will be highly valuable to a number of stories and measurements will be highly valuable to a number of stories
 Observing a new class of objects in the MB will be compellingObserving a new class of objects in the MB will be compelling
 Noble gases in comets (Noble gases in comets (ArAr, , XeXe) could address late veneer and) could address late veneer and

Earth/Mars Earth/Mars XeXe deficit deficit
 Comet N isotope measurements in NHComet N isotope measurements in NH33 - if like Earth, unlikely - if like Earth, unlikely

comets brought much water.comets brought much water.
 Would like to know bulk Earth D/H Would like to know bulk Earth D/H –– is there an is there an

accessible primordial reservoir of water?accessible primordial reservoir of water?



Now What?Now What?
 PresentationsPresentations

 Origins of Oceans Public EventOrigins of Oceans Public Event
 M. Drake Invited Seminar inM. Drake Invited Seminar in

G&G / G&G / AstrobioAstrobio in HI in HI
 M. M. MottlMottl  –– talk at this meeting talk at this meeting

 Working on a group summaryWorking on a group summary
paperpaper

 Many new collaborations haveMany new collaborations have
startedstarted
 Smyth & Smyth & YokochiYokochi  –– new new

reservoir of reservoir of XeXe
 UHNAI  - Smyth a collaboratorUHNAI  - Smyth a collaborator
 Many more . . .Many more . . .


